OBJECTIVES: Conventional total aortic arch repair is a high-risk procedure, particularly for high-risk patients. Although endovascular treatment of aortic arch aneurysm is a recently induced procedure, only a few cases are indicated and outcomes are questionable. Here, we report on the early and short-term results of our surgical procedure, i.e. hybrid arch repair with supra-aortic debranching and endografting into the ascending aorta.
INTRODUCTION
Conventional surgical repair of aortic arch pathology is an invasive procedure that requires arch replacement with cardiopulmonary bypass and deep hypothermic circulatory arrest. Despite advances in surgical techniques, anaesthesia and intensive care management, reported mortality rates range from 7 to 17%, while rates of neurological injury range from 4 to 12% [1] [2] [3] [4] . Thoracic endovascular repair (TEVAR) has emerged as a treatment alternative for uncomplicated aortic disease of the descending thoracic aorta, and demonstrates acceptable rates of mid-term morbidity and mortality [5, 6] . In addition, various forms of supra-aortic transpositions have broadened the applicability of TEVAR within the aortic arch [7] [8] [9] [10] [11] . Total debranching of supra-aortic vessels presents the most extensive variant of these transpositions, enabling TEVAR to extend into the so-called landing zone 0 of the ascending aorta [12] . Extension of TEVAR into the ascending aortic landing zone has also created new challenges, and mid-term results of this procedure along with total debranching have yet to be determined.
The present report documents our operative technique, as well as early and short-term results of hybrid arch repair through the debranching of supra-aortic vessels and endografting into the ascending aorta.
METHODS

Patient characteristics
While most patients undergo conventional surgical repair, patients with advanced age, extensive comorbidities, concomitant malignancy or high-risk anatomical features such as previous cardiac surgery are preferentially selected for less invasive hybrid repairs at our institution. Of the 514 patients who underwent arch repairs from 1997 to March 2012, 40 (28 males, mean age 74.4 years) were high-risk patients for whom hybrid arch repair of ascending aortic landing was performed. Of these, 31 involved atherosclerotic aneurysms including 2 with rupture, 4 type B dissections and three residual dissections after repairing type A dissections. Among those who received hybrid arch repairs were 18 patients undergoing total debranching of supra-aortic vessels through median sternotomy without cardiopulmonary bypass. These included 3 patients for whom ascending aortic banding was performed. We performed graft replacement of the ascending aorta under cardiopulmonary bypass to establish a suitable landing zone in 10 patients. The chimney graft technique into the innominate artery was performed in 12 patients. Preoperative patient characteristics are summarized in Table 1 .
Of these 40 patients, only 23% would have been deemed capable of recovering from any kind of conventional surgical repair, due to potential comorbidities. Patients were stratified according to EuroSCORE definitions [13] (Table 1) .
Surgical techniques
Total debranching without cardiopulmonary bypass (n = 18). Through a median sternotomy, the ascending aorta and origins of the innominate and left common carotid arteries were mobilized. A woven Dacron trifurcated graft (Platinum, Hemashield, Boston Scientific Corp, Natick, MA, USA) was anastomosed in an end-to-side fashion along the greater curve of the ascending aorta, just distal to the sinotubular junction. As the graft is deployed in an antegrade fashion, a 10-mm straight graft was cut obliquely and anastomosed to the heel of the trifurcated graft for use as a conduit. Following full heparinization, this was anastomosed to the ascending aorta using a partial occlusion clamp with a 4-0 Prolene suture. The left common carotid artery was then clamped, transected and anastomosed to the limb of the graft in an end-to-end configuration to one of the limbs. The same procedure was then repeated on the innominate artery. After each anastomosis, the graft was flushed to eliminate any thrombus or air and the vessels were sutured proximally (Fig. 1A-C) .
When the diameter of the ascending aorta was much larger than 38 mm, which is beyond the upper limit for most current commercial devices, the landing zone of the ascending aorta was banded with a Dacron strip (n = 3) ( Fig. 1D and E) . Preoperative computed tomography (CT) scan revealed that the median maximal diameter of the landing aorta was 40.5 mm (range, 38-43 mm). The mean length of the banded aorta was 31 ± 2 mm and the postoperative diameter was reduced to 33 ± 1 mm after stent-graft implantation.
A radiopaque marker was placed around the proximal anastomosis to delineate the extent of the proximal landing zone.
With graft replacement of ascending aorta (n = 10). If the amount of aorta between the sinotubular junction and the ascending aorta is limited, full cardiopulmonary bypass with deep hypothermic circulatory arrest is required. Graft replacement of the ascending aorta (n = 10) was performed for these patients in addition to the reconstruction of all supra-aortic vessels (Fig. 2) .
Chimney graft technique (n = 12). If the median sternotomy was inadequate, we focused on the chimney graft technique implanted into the innominate artery with debranching cervical arteries to create a landing area in the ascending aorta without sternotomy or cardiopulmonary bypass. The chimney graft technique was performed in 12 patients and the branch stent graft was placed into the innominate artery alongside an aortic stent graft and extra-anatomical bypass (rt.SCA -lt.SCA -lt.CCA bypass using a T-shaped ePTFE graft) was created to preserve supra-aortic vessel flow (Fig. 3 ). For the chimney stent graft, a Gore Excluder limb graft (W.L. Gore & Associates, Inc., Flagstaff, AZ, USA) was used.
Thoracic endovascular repair. The Gore TAG thoracic endoprosthesis (W.L. Gore & Associates) was used in 39 of the 40 patients. One Bolton Relay device (Bolton, Inc., Barcelona, Spain) was used.
The stent-graft devices were deployed under fluoroscopy, and completion angiography was performed in all the patients. When possible, our preferred protocol for residual type Ia endoleaks is TEVAR extension. The second choice is open conversion. The choice of procedure depends on anatomical and patients conditions. 
Follow-up and aorta-related events
The standard recommended follow-up was a routine CT follow-up on a yearly basis. An aorta-related event was defined as any known or suspected event (reoperation, retrograde type A dissection, death) connected with a treated or untreated aortic segment. Aorta-related survival was defined as survival without death from an aorta-related event. 
Statistical analysis
Continuous variables are reported as mean and standard deviation; categorical data are reported as counts and percentages. The Kaplan-Meier method was used to assess intermediate and long-term all-cause and aorta-related survival. All calculations were performed using SPSS 20.0 for MacOSX (SPSS, Inc., Chicago, IL, USA).
RESULTS
Mortality and morbidity
One patient in the chimney graft group (3% of the total) died from intestinal necrosis due to a massive distal embolism within 30 postoperative days. No deaths occurred intraoperatively, and no incidence of stroke was noted. The most common complications Chimney graft technique for ascending aortic landing with endodebranching. In this method a branch stentgraft is placed the innominate artery alongside an aortic stentgraft and an extra-anatomical bypass (rt.SCA-lt.SCA-lt.CCA bypass using T shape ePTFE graft) is created to preserve supra-aortic vessel flow.
included respiratory failure (defined as intubation for >72 h) (n = 2 patients, 5%) and renal impairment (n = 3 patients, 8%), and 1 patient required haemodialysis. Paraplegia was observed in 1 patient (3%), who died on the fourth postoperative day from massive intestinal necrosis. He had received coronary bypass grafting and his aneurysm was an extensive aneurysm of the aortic arch and descending thoracic aorta that required a long stent-graft placement. Distal massive shower embolisms were noted in addition to his paraplegia. Early complications are listed in Table 2 . Following discharge, 85% of the patients were able to return to their preoperative conditions. A retrograde type A aortic dissection was observed in 1 patient 10 days after undergoing total debranching TEVAR, but this was resolved surgically. She was severely frail and had extended aneurysms from the arch to thoraco-abdominal aorta due to chronic type B dissection. Accordingly, we planned staged TEVAR after total debranching. Although open repair was needed for type A dissection, the patients took long to recover, and eventually died due to rupture of the residual aneurysm of the descending aorta 2 months after type A dissection repair.
Endoleaks
One early type Ia endoleak was diagnosed, but was not treated due to the patient's unstable condition. This type Ia endoleak required open conversion. The patient was severely frail, but refused further intervention after being explained risks and benefits of reintervention, and was thus put on watchful waiting. Two type II endoleaks from the left subclavian artery were also diagnosed and were treated and resolved by coil embolization (Table 3) .
Follow-up
On average, follow-up occurred at 15.4 months (range, 1-89 months). We observed no evidence of graft collapse or migration, and bypasses were all patent at the time of follow-up.
All-cause survival was calculated with a Kaplan-Meier survival curve. Survival rates were 85% at 1 year, 74% at 3 years (Fig. 4A) .
During the time leading up to the follow-up, 6 patients died. Four of these were due to malignancy, 1 due to graft infection and 1 patient with a dissection died due to residual aneurysm rupture. Aorta-related survival was 91% at all follow-up points (Fig. 4B) .
Three late endoleaks were noted. One patient had a late type Ia endoleak, but could not be treated due to high-risk reintervention. The endoleak required open conversion, but the patient experienced severe heart failure. Upon informing the patient of the risks and benefits involved in reintervention, she refused intervention and was closely monitored instead. Two patients showed evidence of type II endoleaks from the left subclavian arteries, so coil embolizations were performed. Freedom from aortic events was 89% at all follow-up points (Fig. 5) .
DISCUSSION
In the past decade, endovascular repair of descending thoracic aortic pathologies has become more common, and a recent systematic review notes many advantages of the procedure over open surgery [14] [15] [16] . An adequate proximal landing zone to help prevent type I endoleaks and maintain long-term durability is necessary. Multicentre trials of endoprotheses available in the USA for treating descending thoracic aneurysms indicate that 2 cm is the minimum length of non-diseased aorta for successful application of most devices [17] . When no appropriate proximal landing zone is available, re-vascularization of supra-aortic vessels prior to the stent-graft procedure depends on the required proximal stent-graft attachments, and different technical possibilities have been discussed. Several hybrid techniques have been described, including fenestrated stent grafts, branched stent grafts [18] and stenting of the branches (chimney technique) [19] , extra-anatomic bypass [20, 21] or a combination of these. For patients with unsuitable proximal landing zones, one option for hybrid arch repair is ascending aortic reconstruction of landing zone and endovascular stent-graft deployment into the Dacron ascending aorta. Although these adjunctive techniques require invasive surgical procedures, the procedural invasiveness can be minimized by avoiding or shortening the duration of cardiopulmonary bypass. This, in turn, improves morbidity and mortality outcomes, especially in high-risk patients.
Among our sample population, 28% were patients with chronic obstructive pulmonary disease (COPD), 15% had pre-existing renal insufficiency, 13% had undergone a previous sternotomy, 20% had histories of cerebrovascular disease and 23% had malignancy. The overall EuroSCORE was 21%. Our sample population was thus a group of patients with a high risk not only for open repair, but also for endovascular treatment. Despite this, our 30-day mortality rate was 3% and the stroke rate was 0%.
In addition, 85% of our patients were able to recover at home and return to independent lifestyles following the procedures. Compared with reported results from other recent studies in this field, these outcomes are very favourable.
Despite advances in surgical techniques, open arch repair is still an invasive procedure and reported mortality rates range between 7 and 17% [1] [2] [3] [4] , and the rate of required admission to a skilled nursing facility or an inpatient rehabilitation unit ranges from 15 to 17% [22] . Our early results are encouraging with regard to hybrid arch repair using debranching supra-aortic vessels and endografting into the ascending aorta.
The low stroke rate in our study is partially due to the patient selection criteria. In other words, the preoperative chest CT scan for potential candidates should not show any evidence of an atherosclerotic or thrombus-coated ascending aorta. If such evidence is observed, reconstruction of the ascending aorta is an option for the ascending aortic landing.
Debranching of supra-aortic vessels from the healthy native ascending aorta to a healthy artery helps avoid stroke, and clamping or blocking using a balloon catheter of native vessels during stent-graft deployment is also effective. This results in lower stroke rates. Early and short-term survival rates were favourable in this series, with a 1-year survival rate of 85%. Aorta-related survival, which should be our benchmark in all aortic treatment approaches, was excellent and reached 91% after 1 year. Freedom from aortic events was also excellent at 89%. Our endoleak rates were also favourable. These outcomes highlight the importance of creating a suitable proximal landing area rather than a landing with a short, angulated position in the arch.
Our study was a retrospective small-cohort study that lacked long-term results. Elucidation of the precise advantage of this technique will require continued clinical and radiographic surveillance.
CONCLUSION
We achieved satisfactory early and short-term results with hybrid arch repair into the ascending aortic landing zone. Our findings suggest that hybrid repair into ascending aortic landing zone may be a viable option for high-risk patients with aortic arch pathologies. Considering our benchmark results, conventional surgical replacement of the aortic arch still represents the standard procedure. A larger series of hybrid arch repairs with longer follow-up must be examined before these techniques can be extended to patients with lower risk.
APPENDIX. CONFERENCE DISCUSSION
Dr G. Esposito (Bergamo, Italy): I have a comment and a question regarding this interesting paper about the efficacy of hybrid TEVAR into the landing zone zero in aortic arch pathology.
The first is about the surgical technique, especially in the debranching of the epiaortic vessels. I have to underline that the rerouting of the epiaortic vessels should be really more anatomically correct in terms of length, that it should be as short as possible, and also should come out from the lateral exit from the ascending aorta, avoiding compression of the debranched graft during the sternal closure.
The second is about the chimney technique. In our experience, I have not had really very good results, especially in total debranching, firstly because it is very difficult, technically speaking, but also because when you do total debranching and rerouting with the retro-oesophageal approach, the result in the distance is not really good. What do you think about it?
Dr Shirakawa: About the first comment, I agree with your opinion. When rerouting the epiaortic vessels, the shortest, and most anatomically correct routing should be performed in individual cases.
About the chimney technique, I also think that it is a difficult technique, and this procedure has very limited anatomical indication. The gutter formation in the proximal landing zone is a serious problem. Furthermore, extra-anatomical rerouting of epiaortic vessels has a risk as you pointed out. So our indications were for very high-risk patients such as those with concomitant severe COPD and advanced malignancy, previous sternotomy. It should be performed in a limited number of cases, and careful long-term observation is needed.
